Reproduced From
Best Available Copy

| RFPORT DOCUMENTATION PAGE rom tomoves (1T

OM8 No 0704-018

1O 3 SLMATES 10 4@/ 39€ | NOUr R T#I0GFIE ACIuaInG the time ¢
- Qr *eurewin PAlr TR @ RICMAg St 3471 30urcey
A D_ A 2‘ ;2 34‘ ' OIe1ING 4rd review.ng tRe SHETLIOA Of 1A1Ar=m o Send (ommenty s araing H?-s Durgen est.myre ot ?rw ,uw? 10prt 2t omy

sduaing (r Durden 3 A Ihinglon ~eadavarten Services. Qirsctorate for AMArmation Doers1IoNS eng Amocrty 'S eHeron

u ! :! : PI ;*u ”l ”m ; :(, i” (' ' ang 10 the GHtice 5t \Management and Sudget Pyperwore Aeduction 9r210:0(07C4-0'98) wasmnglen 3C (3503
H R B # REPORT DATE Hponl TYPE AND DATES COVERED
January 14, 1991 Final Technical Report 1989-90

w. ML MW swwertee

DN Hard Materials Laser Assisted Formation of Dense
Phases

5. FUNDING NUMBERS

N00014-89-3-3092

6. AUTHOR(S)

Rustum Roy (many co-~authors) D ] lc

7. PERFORMING QRGANIZATION NAME(S) AND ADORESS{E Sy
The Pennsylvania State University
Materials Research Laboratory
University Park, PA 16802

"\:,_ PERFORMING ORGANIZATION
{ {REPORT NUMBER

9. SPONSORING MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING ' MONITORING
Norman A. Meeks, Administrative Contracting Officer AGENCY REPGRT NUMBER
Resident Representative N66005, ONR

The Ohio State University Research Center
1314 Kinnear Road

Columbus, OH 43212-1194

11. SUPPLEMENTARY NOQTES

The report includes many reprints by different colleagues who cooperated
in the work. .

No restrictions., 93_96523
08 5 s V64 IR - P Y

|

12a2. OISTRIBUTION/ AVAILABILITY STATEMENT

13. ABSTRACT (Maximum 200 words)

Diamond and other high-pressure phases of carbon were synthesized in air by exposing fine particles of
carbon black to carbon dioxide and Nd-YAG laser radiation. The high-pressure phases were separated from
the carbon black by selective oxidation and were characterized by electron and x-ray diffraction. Formation of
cubic diamond, chaoite, and graphite was confirmed.

Exposure of a falling stream of 1 um average size a-quartz particles to a continuous wave or pulsed CO
laser beam in air resulted in the formation of a complete series of high-pressure phases of silica: coesite,
stishovite, and apparently even denser forms with a-PbO2 and FezN structures. Since the laser exposure
technique works with the carbon black to diamond trannsition, the technique is confirmed as a simple and
generally applicab'e means to achieve the same effects as exposure to several hundred kilobars pressure.
High-pressure phases of CaCO3, namely aragonite, calcite 11, and possibly calcite III, were synthesized
in air by exposing 10- to 20-um-size particles of CaCO3 (calcite I phase) to a CO; laser radiation at short pulse
lengths (<0.1 ms).

The system B-O was exp'ored at high pressures ard some very interesting new materials prepared near
the composition B120-B220. The properties were not reproducible.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Diamond synthesis via laser pulses, Noyvel hard Bx0 phases
. 16. PRICE CODE

17. SECURITY CLASSIFICATION ] 18. SECURITY CLASSIFICATION ] 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT Of THIS PAGE OF ABSTRACT
unclassified unclassified unclassified UL
NSN 7540-01-280-5500 Stangarg Form (38 “ey 44

Progcroad Dy ANSI Y13 (97 9

Q0000920036 ™




The Report Documentation Page (RDP) 15 used in announcing and’catalogmg reports. It is important
that this mform.?tion be consistent with the rest of the report, particu .ly the cover and titie page
Instructions for filling in each block of the form follow It is important to stay within the lines to meet

optical scanning requirements.

Block 1. Agency Use Only (Leave blank)

Block 2. Report Date. Fuli publication date
including day, month, and year, if availabie (e g. |
Jan 88). Must cite at least the year.

Block 3. Type of Report and Dates Covered
State whether report is interim, final, etc. |f
applicable, enter inclusive report dates (e.g. 10
Jun 87-30.un £8).

Block &, Title and Subtitie. A titie 1s taken from
the part of the report that provides the most
meaningful and complete information. When a
reportis prepared in more than one volume,
repeat the primary title, add volume number, and
in¢iude subtitle for the specific volume. On
classified documents enter the title classification
in parentheses.

Block 5. Fundirg Numbers. Toinciude contract
and grant numbers; may include program
element number(s), pro;ect number(s), task
number(s), and work unit number(s). Use the
following labels:

C - Contract PR - Project

G - QGranmt TA - Task
PE - Program WU - Work Unit
Element Accession No.

Block 6. Author(s) Name(s) of person(s)’
responsible for writing the report, performing
the research, or ¢credited with the content of the
report. If editor or compiler, this should follow

the name(s).

8lock 7. Performing Orgarization Name(s) and
Address(es). Self-explanatory.

Black 8. Performing Organization Report

Number Enter the unique alphanumerncreport
number(s) assigned by the organization '
performing the report.

Block 9. Sponsoring/Monitoring Agency Mame(s)
and Address{es) Seif-explanatory.

8lock 10. Sponsoring/Monitoring Agency
Report Number. (If known)

Block 11. Supplementary Notes Enter
information not included elsewhere such as:
Prepared in cooperation with_. ; Trans. of .., Tobe
published in.. . When a reportis revised, include
astatement whether the new report supeMedes
or supplements the older report.

Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any

" availability to the public. Enter additional

limitations or special merkings in all capitals (e.g.
NOFORN, REL, ITAR).

DOD - See LoDD 523224, "Distribution
Statements on Technical
Documents.”

DOE - Seeauthorities.

NASA - See Handbook NHB 2200.2,

NTIS - Leaveblank.

Block 12b. Distribution Code.

DOO - Leave blank.

DOE - Enter DOE distribution categories
from the Standard Distribution for
Unclassified Scientific and Technical
Reports.

NASA - Leave blank.

NTIS - Leaveblank.

Block 13. Abstract. Include a brief (Maximum
200 words) factual summary of the most
significant information contained in the report.

Block 14, Subject Term,. Keywords or phrases
identifying major subjectsin the report.

Block 15. Number of Pages. Enter the total
number of pages.

Bleck 16. Price Code. Enter appropriate price
code (NTIS only). :

8locks 17.-19. Security Classificatiors. Self-
explanatory. Enter U.S. Security Classificationin
accordance with U.S. Secunty Regulations (i.e,,
UNCLASSIFIED). If form contains classified
information, stamp classification on the top and

bottom of the page.

" Block 20. Limitation of Abstract. This block must

be completed to assign a limitation to the
abstract. Enter either UL (unlimited) or SAR (same
asreport). Anentry in this block is necessary if
the abstractis to be limited. If blank, the abstract
1 assumed to be unlimited.

Standard Form 298 Back (Rev - 89:

—W

GENERAL INSTRUCTIONS FOR COMPLETING SF 298 .



THIS DOCUMENT IS

BEST

QUALITY AVAILABLE. T

COPY

FURNIS TO DTIC CONTAIN

A SIGNIFICANT NUM

PAGES WHICH DO
REPRODUCE LEGIBLY.

ER OF
NOT




SYNTHESIS OF HARD MATERIALS
BY LASER PROCESS AND IN B-O SYSTEM

SUMMARY OF RESEARCH
As indicated in the proposed work for the confract, we followed two areas in parallel:
1. Laser-assisted synthesis of high density phases including CaCOjy;

2. New “ultrahard” phases in the system B-O.

~ This ONR grant can take credit for establishing the laser route to hard materials as a reality for
the world which did not believe the Derjaguin results. our work not only confirmed their work but
extended it into novel composition (CaCO3) to explain its mechanism. Today there is a sudden burst of

interest in the process from India to Japan. The abstracts of our five papers in the field give a useful

summary of our achievements.

1. Diamond Formation in Air by the Fedoseev-Derjaguin Laser Process

Diamond and other high-pressure phases of carbon were synthesized in air by exposing fine
particles of carbon black to carbon dioxide and Nd-YAG laser radiation. The high-pressure
phases were separated from the carbon black by selective oxidation and were characterized
by electron and x-ray diffraction. Formation of cubic diamond, chaoite, and graphite were

confirmed.
2. High-Pressure Phases of SiO2 Made in Air by Fedoseev-Derjaguin Laser Process

Exposure of a falling strecam of 1um average size a-quartz particles to a continuous wave or
pulsed CO2 laser beam in air resulted in the formation of a complete series of high-pressure
phases of silica: coesite, stishovite, and apparently even denser forms with a-PbO2 and
FeaN structures. Since the laser exposure technique works with the carbon black to diamond
transition, the technique is confirmed as a simple and generally applicable means to achieve
the same eftects as exposure to several hundred kilobars pressure.

3. TEM Characterization of Structural Changes in Graphite Plates due to Pulsed CO; Laser
Irradiation

4. Separation of Synthetic Diamond from Carbon Black by Oxidation

5. Llaser-Induced Calcite-Aragonite Transition

High-pressure phases of CaCO3, namely aragonite, calcite [I, and possibly calcite III, were
synthesized in air by exposing 10- to 20-mme-size particles of CaCOj3 (calcite I phase) to a CO7
laser radiation at short pulse lengths (<0.1 ms). The process, therefore, has the same effect
as exposing the particles to at least several hundred megapascals pressure. Processing at
higher pulse lengths resulted in the decomposition of CaCO3 to CaO and CO7. The extent of

decomposition increased with increasing pulse length.




The papers themselves are appended to provide full details on our work.

The BxO work also has stirred up interest worldwide but it was much less definitive. Clearly

there is something there! There appears to be a unique, very hard phase which scratches diamond.

The data from Oxford University illustrate the problem—extremely high hardness numbers in one part

of the sample and very modest in others.

One abstract follows:

1. BxO; Phases Present at High Pressure and Temperature

Boron suboxide compounds are of interest because of their low densities coupled with high
hardness. In the present study, we have attempted to determine the nature of the B,O phases
that occur in the field defined by pressures of zero to 1.5 GPa, temperature between 1200° and
1700°C, and the compositional range 2/3 < x § 24. Amorphous boron powder and boric acid
B203 were the starting reactants for all the runs. The processing of the specimens was carried
out in a controlled atmosphere furnace, a hot pressing assembly and in a piston-cylinder high
pressure apparatus within quasi-hydrostatic and inductively heated cell assemblies. After
processing at elevated temperature and pressure, for compositions over the range 2/3<x <6,
B203 (identical to the hexagonal starting material) and B¢O (R3m) were the dominant
phases present. For the compositions 7 < x < 24, BgO and rhombohedral B were the primary
phases identified. In general, the hardness of the processed composites was dominated by
the occurrence of B¢O (approximately equivalent to B4C). However, there is some suggestion
of particularly high values of hardness on a very localized scale in specimens near the By2O
composition.

|

1
The conclusion is obvious: There is much to be gained from high-risk research in the diamond

field.
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DIAMOND FORMATION IN AIR BY THE
FEDOSEEV-DERJAGUIN LASER PROCESS

M. ALam, T. DEBROY, R. Roy, and E. BREVAL
Materials Research Laboratory, The Pennsylvania State University,
University Park, PA 16802

(Received 27 July 1988, accepted in revised form 10 October 1988)

Abstract—Diamond and other high-pressure phases of carbon were synthesized in air by exposing fine
particles of carbon black to carbon dioxide and Nd-YAG laser radiation. The high-pressure phases
were separated from the carbon black by selective oxidation and were characterized by elecizon and
x-tay diffraction. Formation of cubic diamond, chaoite, and graphite was confirmed.

Key Words—Diamond. laser radiation, Derjaguin, chaoite.

1. INTRODUCTION

Diamond is widely used as hard coatings for cutting
and grinding tools, as films in semiconductor de-
vices, and in optical and audio components. Work
on the synthesis of diamond was initiated several
decades ago. Much of the previous work was con-
cerned with the transformation of various carbona-
ceous materials to synthetic diamond by application
of high pressure and temperature where diamond is
the thermodynamically stable form. Examples of
successful diamond synthesis by application of static
pressure include the General Electric process(1], the
work of Liander and Lundblad{2). Bundy{3] and
Vereshchagin e al.{4]. In experiments conductad by

DeCarli and Jameison|S) and in the EuPont pro--

cess|6) high dynamic pressures were applied to car-
bon samples by detonation of suitable explosives to
yield diamonds. Today, diamond films are being grown
from hydrogen-hydrocarbon mixtures at less than
atmospheric pressure and at temperatures below
1000°C by plasma-assisted vapor deposition tech-
niques[7-11] based on work done mainly in the
USSR(7] and later in Japan{10].

In 1983 Fedoseev and Derjaguin|12,13] reported
s radically different and incredibly simple method
of diamond synthesis. The technique involved ex-
posing a flowing loose powder of carbon black. in
air, to a modest carbon dioxide laser flux, 1500 watts/
cm? in continuous wave mode. They claimed that
this simple treatment resulted in the transformation
of fine carbon black particles to high-pressure phases
like o and B carbynes, chaoite, lonsdaleite, and dia-
mond. The separation of the transformed high-pres-
sure phases from the untransformed carbon black
was not easy. It involved boiling of the laser-treated
matenal in hydrochloric acid for 1C h and subsequent
oxidation in air plasma at 100°C. Although their work
opened up a potentially new technique for the syn-
thesis of high-pressure phases, an enormous range
of important questions remain unanswered. How
generalizableisthe process? Cantheincreasein power

density or change in laser wavelength lead to a better
yield of material? Can the diamond be separated by
a relatively simple technique?

The objective of this work was to confirm and
extend the works of Fedoseev er a/.{12,13]. In the
experiment: reported in this article the vanables
studied were the power density, wavelength of laser,
and the laser mode (continuous wave and pulsed).
Finely divided a-quartz particles were also exposed
to the laser beam to examine the generality of the
process|14].

If, indeed, the mere exposure to high fluxes of
photons can cause solid state transformations, the
method becomes a general tool in materials science.
Understanding the mechanism offers a challenge and
an opportunity to extend its use as a synthetic tool
which could possibly produce phases unattainable
by other means. The implications for theories of
cosmology and stellar and planetary formation could
also be far-reaching.

3. EXPERIMENTAL

A variety of carbon black and graphite particles
were selected ranging in size from 20 to 1000 nm.
Streams of such particles were exposed to beth con-
tinuous wave and puised CO, and Nd-YAG laser
beams at various power densi ies. The processed ma-
terial was concentrated to separate the high-pressure
product phases from the untransformed material and
analyzed by x-ray and electron diffraction for the
identification of the products. A schematic diagram
of the experimental set-up is shown in Fig. 1. The
set-up consisted of either an Everlase model 525 CO,
laser or a Raytheon Nd-YAG laser and an electn-
cally powered vibrating feeder. The particles were
injected horizontally and were treated with a verti-
cally transmitted laser beam. The laser-processed
particles were collected in a glass beaker.

The discharge from the powder feeder was suit-
ably positioned such that the particles could interact
with the laser beam cither at the focal spot or at a
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Fig. 1. Schematic diagram of the experimental set-up.

predetermined distance from the focal spot. The
laser-treated matenial was recycled severa! times to
ensure improved laser-particle interaction. The types
of materials used and the specific conditions of the
experiments are given in Table 1.

The laser-treated samples were partly oxidized in
order to enr °h the denser product phase. The ki-
netics of oxidation of carbon black in air at 773 K
were found to be much faster than for diamond. The
details of the selective oxidation work were recently
reported[15] in Carbon. The laser-processed samples
were heated in air for at least 16,600 s. The portion
of the samples recovered after the oxidation treat-
ment was dispersed in a bromoform-acetone solution
of density 2.40 gm/cc. Sinc= the respective densities
of carbon black and diamond are 2.05 gm/cc and
3.52 gm/cc, only particles containing at ieast 25%
diamond by volume could settie. The dense fraction
was then analyzed by x-ray and electron diffraction.

3. RESULTS AND DISCUSSION

Untreated and laser-treated carbon black samples
after enrichment were analyzed by electron diffrac-

M. ALAM 1 al.

tion for the identification of various carbon forms.
The unprocessed carbon black particles were amor-
phous and those particles did not give any electron
diffraction pattern. The morphology of untreated
carbon black and laser-processed carbon black sam-
ples is shown in Fig. 2. The specific surface areas of
untreated carbon black, carbon black aftzr laser
treatment and the laser-processed carbon black sam-
ples after enrichment by 80% oxidation at 510°C
were 32, 28.5, and 29 m*/gm, respectively. Results
of transmission electron microscopy indicated that
the material after treatment was crystalline and con-
tained graphite, chaoite, and diamond particles. No

‘a or P carbynes or lonsdaleite particles were ob-

served in the TEM study. Again, Fedoseev ef al.[13]
pointed out that the presence of lonsdaleite was not
unambiguously established from their results.

A micrograph of a diamond particle and a con-
vergent beam electron diffraction pattern from the
particle are shown in Fig. 3. The diamond crystal
possessed a streaked structure due to {111} twinning.
The electron diffraction pattern shown in Fig. 3(b)
possesses all the cubic diamond reflections along with
the forbidden {002} and {222} reflections that are
commonly observed in synthetic diamonds. The for-
bidden reflections are due to twinning and double
diffraction. For example, the {002} spot was ob-
served due to reflections from (111} and {111} planes.
The splitting in the spots in the pattern is also due
to twinning and double diffraction. One of the spots
stemming from the {111} twin structure is arrowed.
Weak reflections from double diffraction are also
seen in the pattern. The interplanar spacings com-
puted from the diffraction pattern are presented in
Table 2. The computed values are in good agreement
with the corresponding values for diamond listed in
the powder diffraction file. The lattice parameter
computed from the electron diftraction data is 3.62
A which agrees, within experimental errors, with the
value 3.54 A reported in the literature. :

The inplanar spacings computed from the selecte
area electron diffraction pattern of chaoite particles

Table 1. Laser-carbon processing experiments

Power

Size Purity Feed Rate Laser Density  No. of

No. Material (uwm) (%) Atmos. (mg/s) Mode (W/em')  Passes
1 Graphite 43 >97.5 ar -_— ow 1 x 100 10
2 Graphite 43 >97.5 air 4.0 ow 4250 s
3 Graphite 43 >97.5 air 4.0 pulsed® 330000 5
4  Graphite 1 >99.995  air 5.0 ow 1 x 10 5
5  Graphite 1 >99.9995  air 4.0 pulsed® 330.000 5
6  Graphite | >99.9995  argon 5.0 ow 217,000 S
7  Graphite 1 >99.9995  argon 5.0 ow 177.000 5
8 Carbon Black 0.043 >%99.0 8ir 4.0 ow 4200 7
9 Carbon Black 0.043 >99.0 air 4.0 pulsed®  330.000 7
10 Carbon Black 0.043 >99.0 air 4.0 pulsed*® 7.640 5

*2 ms pulse width, 100 Hz.
**Nd-YAG laser, 2.2 ms pulse width, 190 Hz.
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Fig. 2. Transmission electron micrographs of (A) unprocessed and (B) laser-processed carbon black
sample. (See Table 1, Saniple No. 9 for experimental conditions.)

are presented in Table 2, together with the corre-
sponding data from the powder diffraction file. It is
observed that the computed values agree, within the
range of experimental errors, with the available in-
terplanar spacing data. The latuce parameters g, and
¢, computed from the data were 8.86 and 14.14,
respectively. These values agree well with the a, =
8.95 A and ¢, = 14.08 A values reported by Goresy
and Donnay{16]. The electron diffraction study also
indicated the presence of graphite in the enriched
sample. Under the microscope, the high pressure
phases were observed more frequenily in the pulsed
laser processed sample as compared to the sample
processed in the continuous wave mode.

Results of x-ray diffraction studies indicated the
presence of diamond, chaoite, and graphite. No a
or B carbynes were detected. The x-ray diffraction
data of untreated carbon black and laser-treated car-
bon black samples are presented in Table 3. In sam-
ples treated with both continuous wave (sample 8)
and pulsed (sample 9) laser irradiations, major peaks
of diamond were present. All reflections of cubic
diamond were observad ir. the samples treated in the
pulsed mode. Although it can be argued that several
of the interplanar spacings listed in Table 2 ars com-
mon to both cubic diamond and lonsdaleite, the in-
terplanar spacing at 0.89 A nbserved in sample 9 is
unique to cubic diamond. Furthermore, lonsdaleite
particles were not detecied in the TEM work.

In the electron diffraction work, it was observed
that the frequency of occurrence of chaoite particles
in the sample was rather low. This observation is in
agreement with the x-ray data where only a few
chaoite reflections are observed. However, the d-

spacings of 2.49 A for sample 8 and 1.38 A for samnle
9 correspond exclusively to chaoite and to no other
carbon form. In the diffraction pattern for the carbon
black samples, the d-spacings at 3.35 and 3.34 A
correspond to the 100 intensity peak of rhomboh-
edral graphite and cannot be attributed to any other
carbon form, that is, diamond, lonsdaleite. chaoite.
a and B carbynes. The 100 intensity line of hexagonal
graphite lies at 3.36 A which is fairly close to the
strong 3.35 A and 3.34 A lines observed in the pat-
terns. Thus, some carbon black was indeed graphi-
tized. Fedoseev ef al. indicated that some particles
gave electron diffraction patterns in accordance with
reflections for both hexagonal and rhombohedral
graphite. It is to be noted that the carbon black
sample contained more than 99% carbon and the 4-
spacing values at 4.13 A, 3.73 A, and 1.99 A in
samples 8 and 9 are attributed to the presence of
impurities since these lines were also present in the
starting carbon black sample.

From the x-ray data, it is observed that chaoite.
diamond, 2 1d graphite were present in the processed
material. The presence of lonsdaleite could not be
unambiguously established. It has been proposed
that the transformation to diamond from carbon black
takes place after graphitization{17]. Indeed, Fedo-
seev et al.[12] achieved better transformation to dia-
mond when polycrystalline graphite was used as the
starting material as compared to carbon black. How-
ever, no high-pressure phases were detected in the
laser-processed graphite samples in our experiments
This apparent discrepancy must be viewed in the
context of the findings of DeCarli and Jamieson( 5]
who indicated that only the rhombohedral form of
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Fig. 3. (A) Transmission electron micrograph of a particle giving diamond pattern and (B) electron
diffraction pattern of diamond from the particle shown above.
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Table 2. Interplanar spacings of diamond and chaoite

daA) d(A)
hk! (calculated) (powder diffraction file)
Diamond
m 2.09 2.06
220 1.28 1.26
3 1.09 1.08
400 0.91 0.89
kx} 0.83 0.82
s, 3.6 35
Chaoite
110 4.6 4.47
301 2.63 2.55
304 2.1 2.10
401 1.87 1.81
227 1.54 1.50
600,506 1.31 1.29
a, 8.86 8.95
<, 14.1 14.08

graphite could be transformed to diamond by ap-
plication of high dynamic pressure. In their expen-
ments, no transformation occurred in the hexagonal
form of graphite. Although Fedoseev er al.[12,13]
did not report the crystal structure of graphite used
in their experiments, in view of the results of DeCarli
and Jamieson|[5] it appears that the graphite used by
Fedoseev er al.[12,13] probably contained some
rhombohedral form.

The mechanism for transformation is not known.
Fedoseev er al. speculated that the transformation
of carbon black to diamond occurs because of rapid
heating and cooling. When particles of sufficiently
small size are exposed to the laser beam, their tem-
peratures rise so rapidly that the equifibrium thermal

expansion cannot occur. As a result, the particles
experience a very large stress at high temperature
which results in the phase transformation. The high
cooling rate is important to ensure preservation of
the transformed product phases. In our experiments,
beam pulsing led to somewhat higher yislds, which
is consi.tent with both rapid heating due 10 higher
power censity (Table 1) and rapid cooling when the
beam iy switched off during pulsing. When we used
a Nd-YAG laser of 1.06 um wavelength, the yield
of the material was insignificant.

The Derjaguin laser method of synthesis of high-
pressure phases discussed in this article is not limited
to the carbon system. Fedossev et al. synthesized the
high pressure polymorphs of silica, namely coesite
and stishovite, from a-quartz by the laser orocess.
We found that a-quartz particles on interacting with
the laser beam not only transform to coesite and
stishovite but to two other high pressure polymorphs
having Fe,N type and a-PbO; type crystal structure.
Work is now in progress on several other systems.

4. SUMMARY AND CONCLUSIONS

The report of Fedoseev and Derjaguin that dia-
monds can be made by merely exposing carbon to
a modest laser flux in air has been confirmed. Finely
divided carbon black particles of 0.043 um average
size were transformed into diamond, chaoiie, and
graphite. The diamond crystals exhibited twinning
and {002} and {222} forbidden reflections commonly
observed in synthetic diamonds. The extent of con-
version was somewhat higher when the processing
was carried out in the pulsed mode at a high laser
power density.

Table 3. X-ray diffraction cata for unprocessed and laser-processed carbon black samples

Untreated uscb;reated Carbon Black
Carbon Black
d(A) L d(A) 1, d(A) I,  Peak Pertaining to the Carbon Phase
4.14 vs 4.13 vs 4.13 vs
an s 3 vs n vs
-— — 335 1 3 vs Graphite (3.35, 100)
-— -_— 2.82 w — — —
-— —_— 2.49 vw -— — Chaoite (2.46, 40)
— -_— 2.14 vw — -— Graphite (2.13, 10); Chaoite (2.10, 40)
- — 2.06 w 2.06 ' Diamond (2.06. 100); Lonsdaleite
(2.06, 100)
1.99 s 1.98 w 1.9 w
-— -— - -— 1.82 w Graphite (1.82, §)
— -_— -— - 1.38 vw Chaoite (1.37, 20)
— - - -— 1.26 w Diamond (1.26. 25); Lonsdaleite
{(1.26, 78)
1.07 w Diamond (1.08, 16); Lonsdaleite
. (1.08. 50); Chaoite (1.08, 20)
-— -— — -— 0.89 w Diamond (0.89, 8)
-— -— — — 0.82 w Diamond (0.82, 16); Lonsdaleite
(0.82, 25)

vi = very strong. 3 = sirong; w = weak; vw = very weak.
CuKa radiation at 40 kV and 16 mA was used with nickel filter. Exposure times were 24 h for
untreated carbon black and 72 h and 96 h for samples 8 and 9, respectively.
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process
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Exposure of a falling stream of | um average size a-quartz partizles to a continuous wave or
pulsed CO, laser beam in air resulted in the f~rmation of a complete series of high-pressure
phases of silica: coesite, stishovite, and appar: 1tly even denser forms with a-PoQ, and Fe,N
structiires. Singe the laser exposure technique works with the carbon black to diamond
transition. the technique is confirmed as a simple and generally applicable ineans to achieve the
same effects as exposure to several hundred kilobars pressure.

For the last saveral decades, synthetic hard materials
have been produced by the application of high static and
dynamic pressures at elevated temperatures. Familiar exam-
ples include synthesis of diamond'™ and the production of
high-pressure phaszs of the oxides of group IV elements,
particularly silica.*-'* All these techniques for synthesis in-
volved application of very high pressures, often of the order
of several tens of thousands of atmosphere at elevated tem-
peratures where the targeted high-pressure phase is thermo-
dynamically stable.

In 1953 Fedoseev et al.'* reported a radically difterent
and incredibly simple method of diamond synthesis. The
*echrique involved exposing a flowing loose powder of car-
bon black and graphite, in air, to a modest laser flux. They
claimed that this simpls treatment resulted in the transfor-
mation of fine carbon bluck and graphite particles to chaoite,
lonsdaleite, and diamond. In a subsequent article in 19885,
Fedoseev etal.'® reviewed their diamond work and indicated
that the technique could also be applied to the synthesis of
high-pressure phases of silica and boron nitride. Fedoseev et
al. synthesized two high-pressure polymorphs of silica,
namely, coesite and stishovite, from a-quartz by the laser
process. Their work opened up a potentially new technique
for the synthesis of high-pressure phases.

We have verified the diamond work'® by exposing fine
particles of carbon black to continuous wave and pulsed la-
ser radiation in air at various power densities. X-ray and
electron diffraction of the enriched laser-processed samples
indicated the formation of cubic diamond, chaoite, and both
heragonal and rhombohedral yraphite. The diamond was
observed as ~ 10 nm twinned crystals. ’

The objective of the work reported here was to confirm
and extend the findings of Fadoseev er a/. with regard to
silica. We have not only produced coesite and stishovite by
this technique, as reported by Fedoseev er a/., but also two
other silica phases having a-PbO, and rFe,N structures.
These phases are the highest pressure phases of silica ever
made by this or any other technique.

Fine particles of a-quartz were exposed to both contin-
uous wave and pulsed CO, laser beams at various power
dentities. The processed material was concentrated with re-
spect to the product phases and analyzed by x-ray and elec-

*' Also affiliated with the Department of Materials Science and Engineer-
ng.
*' Also affiliated with (he Department of Geosciences.
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tron diffraction for the identification of the products. A
schematic diagram of the experimental setup is shown in
Fig. 1. The setup consisted of an Everlase model 525 CO,
laser and an electrically powered vibrating feeder. The pari-
cles were injected horizontally and were treated with a verti-
cally transmitted laser beam. The laser-processed particles
were collected in a glass beaker. The type of material used
and the specific conditions of the experiments are presented
in Table I. Examination of Table [ indicates that in general
transformation occurred when pulsed laser radiation was
used. For samples 7, 8, and 9 the pulse lengths used were 3, 3,
and 2 ms, respectively, while the frequency of pulsing was
100, 400, and 100 Hz, respectively. v

After laser processing, the powder was dispv. ed in a
hydrofluoric acid solution. The undissolved portion was
cleaned, dried, and characterized. Tk2yield of the high-pres-
sure phases in all the experiments was very small ( <0.5%)
and in all cases melting of some silica particles was observed.

The a-quartz particles on exposure to either continuous
wave or pulsed CO, laser heam were transformed to high-
pressure polymorphs of silica, namely, coesite, stishovite, a-
PbO,-type, and Fe,N-type modifications.

Two selected area electron diffraction patterns obtained
by tilting a coesite grain to different degrees are shown in
Figs. 2(a) and 2(b). The d-spacing values calculated frcm
the diffraction patterns are presented in Table II. The dif-
fraction pattern shown in Fig. 2(b) contains a dense row,
caused by a long b axis. Since among the various silica phases
only coesite and tridymite have a long b axis and x-ray dif-

200w <0y LAKY
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F1G. 1. Schematic diagram of the experimental setup.
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TABLE 1. Expenmental conditions for processing Matenal. a-quartz; TABLE 11 Interplanar spacings of coesite and stishovite.
average particle size 1 um: punty: 99.99%, atmosphere. air

d(A) diA)
Feed : ki (calculated) (powder diffraction file)
rate Power density No.of Transformanon
(mg/s) Laser mode (kW/em®)  passes observed ~Coesite
: 131, 132 2.63 2.69
13 CONtiNUOU; Wave 0.5 , 6 no 241, 200 2.42 2.3
1S continuous wave 1.6 6 no 221, 240 2.14 2.18
[} continuous wave 4.2 [] yes 330, 033 . 1.86 1.84
4 continuous wave 10.0 10 no s 1.64 1.66
H continuous wave 17.8 i0 no e .53 1.55
4 continuous wave 1200.0 10 yes cee 1.34 1.3
4  pulse 3300 7 yes s 1.32 1.32
4  pulse 1000.0 10 ves Stishovite
4  pulse 900.0 2 yes 110 292 296
200 206 ‘ 209
220 1.46 1.48
310 1.30 (19>

fraction data do not indicate the presence of tridymite, the
dense row is an indication of the presence of coesite. The ) ) Do
distance between the spots in the dense row is about 12 A prescnccof';n incomplete ring pattern indicates that the pa
which is equal to the distance between {010} planes of coe- ticles are nenthgr cqmplcfcly randorqxzcd nor have the san
site. The {010} reflection is forbidden in monoclinic struc.  Srystallographic orientation whcn.lymgon the {001} planc
ture (coesite), but can become visible due to double diffrac- The x-ray diffraction analysis of the laser-treated
tion. A particle containing a dense row was isolated. A quanz samples indicated the presence of ccesite, stishovi
dark-field micrograph of such a particle is shown in Fig. Fe;N-type and a-PbO-type silica along with a quantz. T

x-ray diffraction data are presented in Table {11. In this

3(a). A selected area electron diffraction pattern from the t
particle in Fig. 3(a) is presented in Fig. 3(b). The pattern & the peaks corresponding only to a-quartz are not p

clearly indicates the dense row spots corresponding to {010 sented.

Y po ponding 10 {010} Examination of Table I1 indicates that in both the

planes. .
ser-processed samples several of the observed x-ray diffr

Stishovite grains were found in smali groups in the \ ; ; ‘
specimen. A dark-field micrograph of a typical group of sti- tion peaks can be attributed to coesite. Some of the pe:
shovite grains is shown in Fig. 4(a). A selected area diffrac- attributed to coesite are common (o other silica forms. He
tion (SAD) pattern from the particles in Fig. (a) is pre.  ¢'€T: the x-ray diffraction peaks at 3.09, 2.69,2.03, and |
sented in Fig. 4(b). Only the {hk 0} reflections of stishovite A opsewcd n the two samplcs (.Tablc. 1) are unique
can be observed in the diffraction pattern. The d-spacing °°°s"°‘,F u"h"m.o re. the highest intensity peak of coesit
values calculated from the diffraction patterns are presented 3.09 A is present in both “.":. Iasgr-proccssed samples.
in Table 11. Several electron diffraction patterns were taken Several of the x-ray dmrac‘uon peaks observed in
by tilting the specimen. However, no significant change in sample can be attributed to stishovite (Table I11). A
the patterns was observed due to the very small size of the several of these peaks are common t.",mh" phases of sil
particles. The presence of only the {4k 0} reflections in the Howlevcr.‘pcaks at2.959and I.215 A in sample 7 are’un‘l
diffraction pattern indicates preferred orientation of the sti- to snshpvne (_Table_lll). Funhet.'more.. the pgak a(k...‘).
shovite grains which lie on their {001} planes. It seems that s u'.'e highest ;nt_;;sny peak of sn;h :vue.' This T 3 f's f
several stishovite grains lie on top of each other in the same entin san;glc d ) ;sscgond anld third major ':)a hs (;1 S'l'
way as clay minerals and other layered minerals do. When ;‘rtoec:s:d sil?:a sa;npchs are aiso present in both the &
hit by the electron beam, these grains are charged and split Several peaks of the a-PbO,-type silica were observ

away from each other in the {001} plane. On splitting, the

stishovite grains lie on the {001} planes and have approxi- each:f!he laser-processed sa,r‘nplgs. All t?egbscrved f
mately the same orientation in the {001} plane within about “e'k °w2°";;‘ i°";m°" ;o Other olrm; °h,s":°? excep
15°. This is why only the {4k 0} reflections are observed. The peak at <. Observed in sampie [ WRICR Is unigi

F1G. ). (a) Dark-feld micrograph of a particle containing s dense r

F1G. 2. Convergent beam electron diffraction patterns from a coesiie parti.
Convergent beam electron diffraction pattem from parucie in 1a)

cle.
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FIG 4 (a) Dark-field micrograph of stishovite grains. (b) Selected-area
electron diffraction pattern from ths particles in (a).

a-PbO,-typesilica. In both the samples one of the two strong
peaks of a-PbO, at 2.08 A is present. This peak, however, is
commor to other forms of silica. Furthermore, in both the
samples at least one of the three moderately strong peaks of
a-PbO,-type silica at 2.35, 2.25, and 2.15 A is present.
Again, except for tie peak at 2.35 A which is unmique to
a-FbO, silica, the other peaks are common to other silica
forms.

T « ray diffraction data presented in Table III indi-
catet": T N-cypes silica was present in the processed sam-
ple. 7. » vious peaks that can be attributed to Fe,N-type
siica, r' = rks a1 1.5C8, 1.952, and 1.186 A are unique to
Fe;N-; oz - i~ (Takle 171). The other peaks are common
tuoother v, ofsilica. Tne first three major peaks of Fe,N-
type silica in order of decreasing intensity occur at 1.508,
1.952,and 1.251 A. At least one of these peaks occurs in each
of the laser processed samples. It must be mentioned that Liu
et al.® who first synthesized Fe,N-type-silica using the dia-
mond anvil cell detected only the first three major peaks of
the new phase in the x-ray diffraction pattern. The presence
«f only one or two unique major peaks of Fe,N-type silica in
our samples is indicative of the presence of a very small
amount of Fe,N-type silica in the samples.

The presence of coesite, stishovite, a-PbO,, and Fe,N-
type signals in the x-ray diffraction pattern indicates that

during processing, the particles were exposed to several -

hundred kilobars of pressure. Fedoseev et al.'*'® speculated
that the transformation to high-pressure phases occurs be-
cause of rapid heating and cooling. When particies of suffi-
ciently small size are exposed to laser beam, their tempera-
tures rise so rapidly that the equilibrium thermal expansion
cannot occur. As a result, the particles experience very large
stress at high temperature which resuits in phase transfor-
mation. The high cooling rate is important to encure preser-
vation of the transformed produce phases. In our experi-
ments, beam pulsing led to somewhat higher yields which is
consistent wiih both rapid heating due to higher power den-
sity (Table I) and rapid cooling when the beam is switched
off during pulsing. However, the mechanism of transforma-
tion is not clearly known. If, indeed, the mere exposure to
high fluxes of photons can cuuse selid-state transformations,
the method becomes a general tool in materials science. Un-
derstanding the mechanism offers a challenge and an oppor-
tunity to extend its use as & tool tor materia! synthesis which
could possibly produce phases unattainable by other means.
The implications for theories for cosmology and stellar and
planetary formation could a!so be far reaching.

1689 Appl. Prys. Lett,, Vol. 53, No. 18, 31 October 1988

TABLE 11l X-ray difftacuion data of laser-processed 0. samples Phases
A, B. C. D. and E indicaie coesite. stishovite. & PbO ..type, and Fe,N-type
sthica, and a quarz; respectively.

raev—

Interplanar Spacing A Interplanar spacings and intensities
%6 =7 of catalogued phases
3.029 3.055(H A (3.09. 100y
s 2.920(S) B (2.959. 100}
2.685 s A%\
2N s C(235.M)
s 234 (M) A233,4),CLISILM)
2.280 2283 (VW) A (2.29.8),C(2.25, M), E (2.282, 1)
s 2.2J0(M) B (2246, 18), C(2.25. M). E (2232, %)
2.200 e A (2.184), D (2218, 12)
ce te C (LIS M) . E(2.128,9)
2.085 2072(W)  B(2.(.1), D (2.056,-), C (2.08. S)
s 2.025 (VW) A (29016)
1.978 1.988 (VW) - B (1.981,35), C (1.9%4), E (1.980, 6)
e 1.946 (W) D (1,952,.90)
v 1.899 (VW) A (1.84,4), B (1.87, 14), C (1.875, VW)
1.821 T C(1.836,-),E 1817, 1)
s 1.79O (M) A (1.75.8),E(1.801, <)
1.693 e AL, 10)
1.668 T A (1.86,2),E (1.659, 3)
1.7 1.588 (VW) A (1.58 6), C(1.588, W)
1.540 1.541 (VW) A (1.545,10), B (1.53,50), C (1.555. W)
E (1.5418,9)
1.523 v D (1.508, 100)
B 1474 (M) B (1.478,18), C (1.497, M)
cee 1419 (W) A (1418, 2),E(1.4189,. < 1)
1.404 1.40) (VW) A (1.409,4),E (1418, <1}
1.375 1.374 (M) D (1.371, extinct), E(1.3752, 7)
1.334 1.323 (VW) A (1.321,2), B8 (1.333,10)
1.276 1.286 (VW) A (1.285.6), B (1.291,2), C (1.297, .),
D (1.281, 56)
1.2)9 1.227(W) B (1.235,2%),C(1.232, vW), E(1.236, )
D (1.223, extinct), E (1.2285,1)
s 1.214 (VW) B (1.21510)
1.182 1180 (W) A (LI71,6),B (1.185,2)
E (1.1838,4}, E (1.1804, )
N 1166 (VW) D (1.166, 15)
R 1.063 (W) B(1.062,2), E (1.0838, <?)
1.043 1.042 (YW) B (1.045,2), E (1.0437,2)

S = sirong; M = moderate; W = weak; VW = very wesk.

Financial support for this work was provided by the
Office of Naval Research.
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TEM characterization of structural changes in graphite plates due to

pulsed CO, laser irradiation

E. BREVAL, M. ALAM*, T. DEBROY, R. ROY

The Pennsylivania State University, University Park, PA 16802, USA

Exposurzs of a solid to very high photon fluxes can
generate high temperatures and pressures in some
combinations. The above mentioned fact is indeed the
basis of laser fusion research. In the first half of this
decade Fedoseev, Derjuguin and co-workers at the
Institute of Physical Chemistry in Moscow discovered
an extraordinary phenomenon. They demonstrated
thut many significant high pressure phases including
diamond (1, 2}, stishovite (5i0O;) 2] and cubic BN (2]
can be made by exposing fine particles of carbon
black, x-quartz and h-BN, respectively, to modest CO,
laser fluxcs in air. These results have been reproduced
and extended by a Penn State rescarch group (3-5]. In
all cases, the yield of the trunsformed product was
rather low, although lower pulse length and higher
energy/pulse improved the yield to some extent,

In all the work carricd out so far, TEM was used in
add.tion to X-ray diffraction to identify the product
phases, which had to be concentrated by special
procedures [3-5). Such procedures are very tedious
because the product appears only in small quuntitics
of nanometre size particles. in a large amount of
untransformed material. To overcome this difficulty,
it was decided to perform the irradiation on ‘large’
bulk samples and to examine the irradiated area by
TEM. We irradiated thin graphite discs with a pulsed
CO, laser beam and churacterized the material in the
interior and along the laser induced crater wall, The
purpose of this puper is to examine the nano- and
micrometer structure of the region in und around the
crater wall produced by the laser pulse(s).

High purity polycrystalline graphite discs { > 99.999%,
C, grain size ~ 1 to 10 um, disc diameter = 25.4mm,

thickness = 10 mm) were irradiated with laser pulses
under vacuum (pressure < S pm Hy) using un Everlase
Model 525 CO, laser manufacturad by Coherent Ine.
The spots were produced by | ms duration pulses
naving a peak erergy of 0.7). The frequency was
100 Hz and the total irradiation time was 1 sec. The
size of the spots was 0.25mm. The specimens for the
TEM study were prepared oy two methods. In the first
case. material was carefully removed from the interior
of the crater (base and side walls) and crushed lightly
in a few drops of isopropanol. The slurry was then
transferred to a carbon coated copper grid. dricd and
applied with a light carbon coating. In the second
cuse, the crater was filled with a thick paste of gruphite
powder in a two component epoxy. After hardening
the specimen wus cut to a disc ~ 3mm in diumeter and
then polished down 10 0.05 ;un alumina slurry on one
side and dimpled from the other side down 10 0.05 um
alumina slurry. The specimen was then ion beam
thinned (gun voltage = 310 4k V. gun current = 0.2
t0 0.7 uA. specimen current ~ 3 uA) und applied with
a light carbon coating. An ISI-DS 130 scanning
clectron microscope (SEM) was used together with an
EM 420 transmission clectron microscope (TEM)
with the acceleration voltage of 120k V. Either bright
field (BF) or durk field (DF) imuges.were obtained
together with either selected urea electron diffraction
patterns (SAED) or convergent beam electron dif-
fraction patterns (CBED).

In the specimen prepired by the first method, most
of the material consisted or irregular grains of graphite.
In this specimen, extremely small amounts of fine
griuned loose particles could be observed. A DF TEM

Figure 1 (a) TEM DF image of material from the interior of the crater. (b) SAEDP from the loose finc g-ains shown in (a).
¢ Now with the New Mexico Institute of Mining and Technology, Socorro, NM K780, USA.

0261-8028/90 $03.00 + .12 © 1990 Chapman and dall Ltd.
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. ~ 10nm
{a) —

Figure 2(a) TEM BF image of one of the larger particles shown in Fig. la, exhibiting epitaxial growth ol fonsdalente with graphite. (b) C i
pattern from particle shown 1n Fig. 2, exlubiiing 100 and 101 lonsdalene seflections.

micrograph showing such particles is presented in
Fig. la. These particles give a8 wesk SAED ring
pattern as shown in Fig. 1b. One diffuse ring at ~ 0,21
t0 0.22 nm is clearly seen indicating that the particles -
could be lonsdaleite (the high pressure carbon poly-
morph with hexagonal structure). The reflections from
101and 110 arebarely visible a1 0.192 and 0.126 nm.
respectively. The 100 and 002 reflections correspond
to d-spacing values of 0.219 und 0.206 nm, respectively.
Hence the faint ring diffruction pattern is interpreted
as stemming from lonsdaleite. A BF TEM micro-
graph of one such particle which is relatively large is
presented in Fig. Ja along with an orientated CBED
pattern (Fig. 2b) where the L 00 and 1 01 refleciions of
lonsdaleite are clearly visible. On the BF image
(Fig. 2a) difTerently contrasted parts of the gruin parted
by planes perpendular to {100) can be scen. This
feature can be explained as an cpitaxial growth of
<100) lonsdaleite parallcl to graphite s suggested by
Bundy and Kasper [16}. They found that fine grained
lonsdaleite was often ‘epitaxially twinned’ with graphite
having the following plunar symmetry: lonsdaleite
(100) || graphite (001). Although there was no
three dimensional symmetry, since half of the atoms
in the basal graphite plaune must be displaced to

Figure 3 SEM of ion heam thinaed specimen The arrows indicate
regions of TEM mnsestigations of the graphite plate (1), graphite
powder inside the crater (2). and the crater wali (1)

fit into the (100) lonsdaleite structure, there v
a two dimensional fit. Bundy and Kasper also fou
the following dircctional symmetry:  lonsdul
{00 1] graphite (20 1] and lonsdaleite [0 10} grup!-
[0 1 0] the latter of which could fit in our case (eg

alent to overlapping of the fonsdaleite 100 reflex w
the graphite 1 00 reflex). Since only the largest crys

possessed such ‘epitaxial twins’ it was not possible
find any graphite reflections on the ning patterns
Fig. Ib.

A scanning clectron micrograph of the ion b
thinned specimen is shown in Fig. 3. The crutc
clearly visible. Arrows indicate regions which v
analyzed by TEM. Both BF and DF TEM imagin
the crater wall are presented in Figs, da and
respectively. The micrographs show the presenc
almost equidimensional nunometre size grains in
wull. The corresponding SAED pattern from
region shown by the arrow in Fig. 4a is presente
Fig. 4c. This pattern is very characteristic of the
material and is interpreted as graphite. The put
indicates almost random orientation with a tend
to more intense diffruction of the 002 and
reflections in the direction arrowed on the BF in
This more intense diffraction of a part of the |
reflections in the direction perpendicular to the ¢
wall shows that the grains have a tendency of (0t
being perpendicular to the crater wall. A scu
electron micrograph of the same region of the w
presented in Fig. §. The arrow points to the 1.
where the TEM images were obtained (Fig. 4)
micrograph shows that the specimen near the «
wall is rather thick indicating that the specimen
the hole is morce resistant to the ion beam th
compared to the graphite material used to Nl
crater and the graphite disc. This s ¢vident
perusal of Fig. 4 where the width ol the ol
transparent arca of the crater wail s only |
300nm as compared to 2 to 10um in undist
graphite material. A DF TEM micrograph ol wi
part of the crater wall is shown in Fig. 64 The
graph shows a small part of a graphite luke use
the crater (marked g). The figure clearly sho
almost equidimensional nm size particles alos



wall. The SAED pattern from the fine nunometre size
particles is presented in Fig. 6b and represents only the
fine particles and not graphite material from the
graphite used to fill the crater or the graphite material

‘Zum

Figure S SEM of a narrow region along the crater wall in the ion
beam thinned specimen. The arrow indicates the region from which
the TEM micrographs in Fig. 4 were obtained.

Bt spovimon SOBLHNL B nanuoingtre
size matenal (a3 BY and (b) DF, ‘hoth
maging the same region (¢) corresponding
SALD pattern thowing more mitense df-
fraction of 002 and 0U4 reflections in the
direction arrowed on the BF image.

in the graphite disc. Fig. 6b shows a complete ring
pattern of graphite, but more intense reflections of the
basal planes in the direction perpendicular to the
crater wall show that the fine grained graphite particles
have a tendency to be oriented with <000 1) perpen-
dicular to the crater wall. In order to study the local
orientation effect, a CBED pattern was also made
with i probe size of 40 nm covering several nanometre
size grains (Fig. 6¢). Again this is u complete pattern
of graphite with a tendency of (0001 to be perpen-
dicular 10 the crater wall,

In the ion beam thinned specimen, no lonsdaleite
grains were observed, probably because they were lost
before fixing with the epoxy or during the ion beam
thinning.
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Figure 6 (a) TEM of crater wallin the ion beam thinned specimen showing a linde of the graphite inside the crater tmarked g). The nunometre
size partices 10 the crater wall are dlearly sinble (b)) SALD and (¢) CBED patterns of these particles showing more intense 0917 refllections

perpendiculiar to the crater wall.
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Separation of synthetic diamond from carbon black by oxidation

(Received 21 December 1987, accepted in revised form 17 February 1988)

Key Words - Oxidation, carbon black, diamond

T.aditionally, synthetic diamonds have been produced by
subjecting carbon to high pressures and temperatures
under which diamond is the thermodynamically stable
form [1). A few years ago, Fedoseev et al {2,3] reported
a radically different and incredibly simple method of
diamond synthesis. The technique involved exposing a
flowing loose powder of carbon black and graphite, in
air, 10 & modest laser flux to achieve the desired
transformation. We have recently confirmed and
extended [4,5) the findings of Fedoseev et al as a part of
a larger program to produce 2 new class of syntheuc hard
materials. Since only partial conversion to diamond
from carbom black is achieved in this process, it was
necessary lo sepasate diamond. Earichment of diamond
by selective dissolution of the low density carbon forms
in nitric acid - sulfuric acid solution [6] was found 1o be
unacceptably slow for our samples, perhaps because of
the presence of significant amount of carbon black.
Similarly, the gravity separation technique using a liquid
of appropriate density {7] led to ineffective separation
due to very small size of the solid particles. Due to these
difficulties, the possibility of achieving effective
separatic” by selective oxidation of laser treated solid
mixture in both pure oxygen and carbon dioxide was
explored.

The rates of oxidation of industrial grade
diamond and carbon bluck powders, both containing less
than 0.2% impurity, were studied by thermogravimerry
using a Cahn microbalance. The oxidation rates of high
purity graphite powder containing less than 2 ppm

The
average particle size of diamond, graphite and carbon

black were 49 um, 1um and 0.043 um respecuively.
Since the kinetics of oxidation of vanous carbon forms
in carboa-dioxide is slow at temperatures below 1073 K,
all experiments in COy were carried out ar 1273 K.
These oxidation rates were compared with the
corresponding rates in oxygen.

The results of the experiments are presented in
Figure 1 as percentages of the initial weight fost vs.
reaction time plots. The reproducibility of the rute data
was tested by repeating oxidation tests for both graphite
and diamond in oxygen. The umes required for
complete oxidation were 550 and 600 sec for the two
experiments with graphite, and 870 and 960 sec for the
experiments with diamond. The data in figure | indicate
that under identical conditions all forms of carbon react at
a higher rate in oxygen than in COs. Furthermore. it 1s
also observed that diamond reacts at a faster rate as
compared to graphite or carbon black in carbon dioxide.
However, in oxygen, both graphite and carbon black
react much faster than diamond. This apparent anomaly
can be attributed, at least in part, to the ditferences in the
surface arcas of these materials. The approximate
surface areas of all the three carbon forms were
calculated as a function of the extent of oxidation on the
basis of the shrinking core reaction model [8]. The
reduction in the size of particles during oxidation was
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Fig. 1 Percent conversion vs reaction time. Reaction
Temperature: 1273 K, Gas Flow Rate: 16.7 cc/sec,
and Initiad Sample Weight: 105 mg.

calculated utilizing the following equation:

rurg(1-p)'? n

where r and rg are the instantaneous and the initial radius
of the particles and F is the extent of reaction defined as
the rauo of the weight loss at a given time *0 the initial
sample weight. The instantaneous oxidation rates,
expressed in grams per second, were determined from
the slope of the plots in ﬁglgre 1 and the corresponding
initial sample weights. The reaction rates per unit
surface area, in gms/cm? sec, were then readily obtained
from the surfuce area computed from the following
relation:

s = 3IW P, Ip Q)

where Wy and p are the initial sample weight and the
density of the carbon respectively. Since rigorous
interpretation of the rate data is not attempted in this
puper, the approximate nature of the surface area
culculated from equation (2) is thought to be adequate.
The calculated rates per unit area are presented in Figure
2 as Intrate) vs conversion plots. The data indicate that
in both oxygen and carbon dioxide the oxidation rate per
unit surfuce are a decreases in the following order:
dismond, graphite, and carbon black. Of the three
curbon forms, diamond has the highest packing density,
followed by graphite and carbon black in decreasing
order of density.  Thus, it appears that, at 1273 K, the
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Fig. 2 Reaction rate per unit area vs percent conversion,
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cc/sec, and Initial Sample Weight: 105 mg.

higher the packing density of carbon, the higher the
gasification rate in both oxygen and carbon dioxide.
Although the graphite used in these experiments was of
very high purity (less than 2 ppm impurity), the diamond
wder used in the experiments ha¢ some impurities,
emi-quantitative, spectrographic analysis of the
diamond powder, performed at Penn State, indicated the
presence of 300 ppm of iron, 300 ppm of cobalt and 80
pm of nickel. These group VIl elements are known to
rower the temperature of iception of the gasification
reaction and catalyze both the C-COz and C-O2
reactions, The high specific reaction rate of diamond is
contributed, at least in part, by the presence of these
impurites.

At Penn State, carbon black was used as the
starting material for the laser assisted synthesis of
diamond. Data in figure 2 indicate that if the surface
areas of carbon black and diamond were roughly equal, a
separation technique based on selective oxidation of
carbon black at 1273 K would be unsuccessful. Review
of the literature indicates that at temperatures below 970
K. kinetics of reaction of diamond with oxygen is very
slow [9]. The results of oxidation tests with both carbon
black and diamond powders in air at 773 K are presented
in figure 3. The data indicate that carbon black was
gasified completely in about four and half hours.
However, in this time period, no measurable oxidation
of diamond was observed. Thus, it appears that carbon
black can be selectively oxidized in airat 773 K from its
mixture with diamond. Figure 3 also shows the
oxidation curve of a laser treated carbon black sample.
The sample containcd diamond, chaoite, graphite and
carbon black. There is no simple way to determine, in a
quantitative manner, the concentrations of various carbon
forms in the laser treated material {4). For this sample,
the oxidation curve reached a platcau after 80%
conversion. No significant loss in the weight of the
sample was observed after this period even after
prolonged exposure. After oxidation, the sum total of
the weights of diamond, chaoite and graphite together
with a small amount of unreacted carbon black was
roughly equal to about 20% of the weight of the laser
processed sample prior to oxidation. ‘

Although the data presented in this short paper l

indicate that carbon black can be selectively oxidized in
air at 773K from its mixture with diamond, an enormous
range of important questions remain unanswered. What
is the effect of temperature on the reactivity of diamond?
What is the role of the type of reactant gas on the
separation of the various carbon forms? Can the
“selective reaction process be expedited while retaining its
efficiency? The current work at Penn State is aimed at
addressing some of these questions. .
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Laser-Induced Caicite-Aragonite Transition

Mansoor Alam,* Tarasankar DebRoy, and Rustum Roy*
Maoterials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

High-pressure phases of CaCO_  namely aragonite, cal-
cite II, and possibly calcite III, were synthesized in air by
exposing 10~ to 20-um-size particles of CaCO, (calcite I
phase) to a CO; laser radiation at short pulse lengths
(50.1 ms), The process, therefore, has the same effect as ex-
posing the particles to at least several bundred megapascals
pressure. Processing at higher pulse lengths resulted in the
decomposition of CaCO; to Ca0 and CO;. The extent of de-
composition increased with increasing pulse length. [Key
words: calcite, phase transformations, processing, lasers,

decomposition.}

I. Introduction

E calcite~aragonite relationship is one of the most inter-
esting phase transitions from the geochemist’s viewpoint.
Although the equilibrium phase relations are now generally
accepted with calcite I as the stable phase near earth-surface
ambients and aragonite stable’ only above about 3.5 x 10* Pa
(3.5 kbar) at 25°C, the early and common formation of arago-
nite in huge amounts in many marine CaCO, rocks, and also
in many laboratory experiments, has demanded an explana-
tion. The first of these explanations relied on the solid solu-
tion of Sr’* or Pb’* to stabilize the aragonite structure.
Although this was both very nlausible and supported by the
presence of small amounts of Sr?* in the samples cxamined
quantitatively, this explanation could not work.? Laboratory
experiments now point to metastable crystallization of arago-
nite, possibly epitaxially on a preformed hydrated MgCO,
phase.’ The calcite to aragonite transition has aiso been
shown by Burns and Bredig* and Dachille and Roy® to oscur
in the process of grinding CaCO,. In this study we report a
new method to accomplish the same end.

In 1982 and 1985, Fedoscev et al. reported®’ some most extra-
ordinary findings. They claimed that dropping a stream of
fine powder through a laser beam of mocest flux intensity
would convert graphite to diamond and quartz to coesite and
stishovite. This extraordinary result was not widely belicved
by the scieatific community. In 1988 we reported confirma-
tion and extension of the Fedoseev and Derjaguin results,*®
showing indeed both that diamond could be so formed and
that possibly even more dense polymorphs of SiO;, with a~
PbO; and Fe;N structures could be made by pulsed laser
fluxes impinging on SiO; powders.

The simplest explanation for this effect is that these fine
powders absorb the 10.6-um radiation so fast that both tem-
perature (T) and pressure (p) are raised very rapidly®’ and
transition occurs in he siable p~T regime. What is not easy to
get is any indication of the actual temperatures and, hence,
pressures, involved. We selected the calcite-aragonite transi-
tion to provide some indications on the p-T conditions actu-
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ally achieved in the laszr process. This is possible since two
very different reactions are possible with calcite. These are
the solid-solid calcite I to aragonite phase transformation
and the thermal decomposition of CaCOjy (caicite I) to CaO
and CO,. Both reactions are functions of pressure and tem-
perature. The p-T equilibria for the two reactions' are shown
in Figs. 1(A) and (B), although in the latter case it is CO;
pressure.

If the typical pulsed laser exposures generate the high-pres-
sure sclid phase, that would indicate the p-T conditions
shown in Fig. 1(A). On tite other liand, if the exposures gen-
erate the thermal decomposition products (CaO + CO,), that
would indicate the p-T conditions shown in Fig. 1(B).

{lI. Experimental Procedure

A schematic diagram of the experimental setup is shown in
Fig. 2. The sewup consisted of a CO; laser' and electrically

'Everlase model 525, Coherent Geaeral, Sturbridge, MA.

23 T T T
o
A caLCITE I/
2 204 . -
z cacite 5
-
- 18 - -
- \ s -
3 (-] o ARAQGONITE 1= p
H H
i 1 oo
ITE 1
° Q
D 100 200 300 400 800 9

TEMPERATURE (°X)
(8)
Fig. 1. p-T equilibria for (A) CaCOj system and (B) CaO-CO,

TEMPERATURL (*K)

(A)

system.

81
£

Fig. 2. Schematic of the experimental setup.
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Table I.' Experimental Conditions for Processing®

Sample No.  Pulse length (m3) Energy/pulse (J)  Transtormation
A 0.01 0.01 Yes
B 0.05 0.02 Yes
C - 0.10 0.04 Ves
D 2.00 0.50 No

*Matenal: CaCO, (calette [); particie size: 10 t9 20 um: purity: >99.7%;
atmosphere: air; laser: pulsed CO;; frequency: 50 Hz: number of passes: 10;
feed rate: 10 mg/s; and spot size: 0.025 cm.

powered vibrating feeder. The particles were allowed to fall
freely and were treated with a horizontally transmitted laser
beam. The laser-processed particles were collected in a glass
beaker. The type of material used and the specific conditions
of the experiments are presented in Table 1. After laser pro-
cessing, the materiai was charactzrized by XRD and SEM.

III. Results and Discussion

Powder XRD patterns of unprocessed and laser-processed
samnples are shown in Fig. 3. The corresponding interplanar
spacing values calculated from the patterns in Fig. 3 are pre-
sented in Table II. The data in Fig. 3 and Table 11 indicate
that when calcite I particles are irradiated with pulses of
0.1 ms and less (high heating and cooling rates), they trans-
form to high-pressure polymorphs aragonite, calcite 11, and
possibly calcite III. At greater pulse length, where more en-
ergy is depositzd in the material and the heating and cooling
rates are relatively low, calcite I particles thermally decom-

" pose to CaO and CO,, instead of transforming to high-

pressure polymorphs. -
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Fig. 3. XRD patterns of unprocessed (UP)

and laser-processed calcite | samples. Details

of the ex{xrimenul conditions are presented
in Table [.
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A comparison of the X-ray data for laser-treated sample A
with the data for the starting material indicates many new
peaks in the processed sample. Ten peaks in this sample can
be attributed to aragonite. Of these, four belong exclusively
to aragonite and include the first, second, and fourth highest
intensity peaks of aragonite. Three more peaks are not com-
mon to calcite I but are common either to CaO or to other
high-pressure CaCO, phases. Furthermore, seven peaks in
this sample can be attributed to the calcite II phase. One
of the peaks belongs exclusively to calcite II and is the
100-intensity peak of calcite II. Three other peaks are not
commor. to calcite I but belong either to CaQ or to other high-
pressure CaCO; phases indicated in Table I1. Also in this
sample, seven peaks can be attributed to the calcite III phase.
Of these, two low-intensity peaks at 2.65 x 10" and 2.53 x
107! nm (2.65 and 2.53 A) beiong exclusively to calcite III.
Of the remainder, three are common to calcite I and two oth-
ers are common to other high-pressure phases. Of the two 100
intensity peaks cf calcite I'I, one at 3.06 x 107! nm (3.06 A)
is present, but is common to calcite. Thearefore, the analysis of
X-ray data suggests that both aragonite and calcite II phases
are present. Calcite [II may also be present, although the evi-
dence for this phase is not conclusive: Examination of the
X-ray data for sample B, where the pulse length and the
encrgy deposition were increased. indicates that even at
0.05-ms pulse length, the presence of aragonite and calcite II
can be confirmed.

When the pulse length is increased to 0.1 ms, the decompo-
sition of CaCO, begins alongside the formation of aragonite.
This can be observed from the X-ray data for sample C,
which shows four new peaks. Of these, the peak at 2.40 x
10" nm (2.40 A) can be attributed to the 100-intensity peak of
CaO. The peak at 1.83 x 10~ nm (1.83 A) can be attributed
to vaterite, still another CaCO, phase. The two other new
peaks at 3.36 x 10~ and 2.32 x 10! nm (3.36 and 2.32 A)
can be attributed to 100- and 30-intensity peaks of aragonite.
Thus, aragonite is present in this sample together with
calcite I and its decomposition product CaO.

In sample D, the pulse length and energy deposited is sig-
nificantly increased compared with all the previous samples
(A, B, and C). Because of “slow” heating and cooling rates,
the laser treatment does not result in the generation of high-
pressure phases in quantities significant enough to be de-
tected by XRD. Instead, calcite I decomposes to CaO. The
X-ray data shows two new peaks at 2.78 x 10”' and
2.41 x 10™" nm (2.78 and 2.41 A), both of which can be at-
tributed to prominent peaks of CaO. Furthermore, unlike all
other samples, the 100-intensity peak of aragonite is absent in
this sample. Thus at 2-ms pulse length, high-pressure phases
cannot be detected, and the p-T trajectory of the sample has
placed it completely in the CaO-CO, stability region. At
shorter pulse lengths where ther has been phase transforma-
tion to aragonite and calcite II, the p-T conditions actually
achieved are those presented in Fig. 1(A).

The morphology of untreated and laser-treated CaCO, par-
ticles is shown in Fig. 4. It appcars that caicite I particles did
not undergo significant morphological changes because of
laser irradiation, and that the reaction is a direct solid-state
transformation.

The spectrographic analysis of the starting material and
laser-processed sample indicates that no foreign material was
introduced during the experiments.

IV. Conclusions

This study shows that irradiation of 10- to 20-um-size par-
ticles of CaCO, (calcite [) by a pulsed CO; laser beam results
in two competing processes, phase transformation and ther-
mal decomposition. At pulse lengths lower than 0.1 ms,
calcite I particles undergo transformation to high-pressure
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Tablz II. Powder XRD Patterns of Unprocessed and Laser-Processed Calcite | Samples

d spacings (x10"' nm 1A))

Unprocessed Sample - Pertaining to the CaCO, phase
sample A [ C D ifrom Powder Ditfraction Frie®)
3.36 3.36 3.36 Aragonite (3.396/100)
3.03 3.06 3.07 3.05 3.04 Calcite [ (3.035/:09). caicite 111 (3.02/100)
%g? 2.99 galcite I (2.998/100; ,
284 2.84 2.84 2.34 2.84 Calcite I (2.845/3)
2.79 2.78 2.78 Calcite II (2.793/3), CaO (2.778/34)
2.70 2.70 Aragonite (2.70/46)
2.65 2.64 Calcite 111 (2.65/6)
2.62 Ca0, (2.63/80)
2.52 2.53 Calcite 111 (2.53/10)
2.49 2.49 2.49 2.50 2.50 Calcite 1 (2.495/14), aragonite {2.481/33),
calcite II (2.47/15)
240 240 2.40 241 - Aragonite (2.409/14), CaO (2.405/100)
2.37 2.36 Aragonite (2.372/38), calcite 111 (2.37/16)
2.34 232 2.32 Aragonite (2.341/31), vaterite (2.318/5)
2.28 2.28 229 2.29 2.29 Calcite I (2.285/31), calcite 1% (2.264/29),
: calcite II (2.28/10), vaterite (2.282/2)
2.19 Aragonite (2.188/11) ‘
213 Calcite II {2.113/2), vaterite (2.113/20)
2.09 2.10 2.10 2.10 210 . Calcite 1 (2.095/.8), aragonite (2.106/23)
2.06 2.04 Caicite II (2.064/20), calcite III (2.08/6),
vaterite (2.063/60)
1.97 1.97 Aragonite (1.977/65)
1.96 Calaite II (1.954/5), CaO, (1.95/30)
1.92 1.94 1.94 1.93 1.93 Calcite I (1.927/5) ‘
191 1.92 1.92 1.91 1.91 Calcite 1 (1.913/17)
1.88 1.88 1.88 1.88 1.88 Calcite I (1.875/17), aragonite (1.877/25).
calcite II (1.886{20). calcite III (1.88/2)
1.85 1.86 Vaterite (1.854/30), calcite 11 (1.869/20)
1.84 1.83 Vaterite (1.82/70) .

*joint Committee on Powder Diffraction Standards, International Ceater for Dilfraction Data, Swarthmore, PA.

Fig. 4 SEM photographs of (A) unprocessed and (B) laser-processed sample B.

polymorphs aragonite and calcite II and possibly calcite III.
At greater pulse lengths, calcite I particles decompose to CaO
and CO,. The extent of the decomposition increases with in-
creasing pulse length. The morphology and size of calcite I
particles do no: change significantly because of the laser
treatment.
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Abgstr.

Boron suboxide compounds are of interest because of their low densities coupled with high
hardness. in the present study, we have attempted 1o determine the nature of the B,O phases that
occur in the field defined by pressures of zero fo 1.5 GPa, temperature hetween 1200 and‘ 1700°C, and
the compositional range % < x < 24. Amorphous boron powde( and boric acid B,0, were the starting
reactants for all the runs. The processing of the specimens was carried out in a contralled atmosphere
furnace, a hot pressing assembly and in a piston-cylinder high pressure apparatus within qQuasi-
hydrostatic and inductively heated cell assemblies. After processing at elevated temperature and
pressure, for compositions over the range % < ¢ s 6, B,0, (identical to the hexagenal starting material)
and B,O (R3m) were the dominant phases present. Faor the compositions 6 s x < 24, B;O and
rhombohedral B were the primary phases ijentified. In general, the hardness of the processed
composites was dominated by the occurrence of B;O (approximately equivalent to 8,C). However,
thers is some suggestion of particularly high values of hardness on a very 'localized ~ 110 .n specimens

near the 8,,0 composition.




Boron compounds are characterized by unique bonding and crystal structure properties that
give rise to a variety of interesting and useful materials." Their strong and short covalent bonding
provides the basis for a wide range o!‘disxinctive refractory, thermoelectric, and optical properties.
Boron suboxides, in particular, have been of interest for a number of years because of their low densities
coupled with exceptional hardness properties.? |

Previous work on boron suboxide (B,0 with 1’5 X S =) rcompounds generally has focused on the
specitic stoichiometries B,0,, B,0, and B¢O. In the case of B,0,, Dachille and.F_toyJ demonstrated the
occurrence of a crystalline high pressure phase above about 2.2 GPa at 400°C. Nine XRD lines were
identitied digtinclly different from those of the low pressure hexagonal B,0, lnitiél bhase. but the data
were insufficient to define the crystal structure of the high pressure material or any characteristic
physical properties. Stoichiometric high pressure-temperatura phases of B,0 have been prepared and
described by Hall and Compton* and Endo et al.> In the former study, a graphite:like B,O compound
was synthesized by the reduction of B,0, with B or LI and by the oxidation of 8 with KCIO,. The
preparation was carried out within the pressure and temperature ranges of 5.0 to 7.5 GPa and 1200 to
1800°C. The B,0 synthesis of Endo et al. was carried out by reacting BP with oxygen derived from the
thermal decomposition of CrQO, to CrO, at pressures of 3.5 to 5.5 GPa in the temperature range 1000 to
1200*C. The recovered B,0 high pressure phase appeared to have a diamond-like structure and wa§
characterized by a Vickers microhardness (100 gm load) of 40.5 GPa.

| Stoichiometric B,O with a hexagonal structure was synthesized by Rizzo et al.® by reaction hot-
pressing 8,0, and B at 1300-1400°C. The polycrystalline aggregates produced had Vickers hardness
(100 gm load) values Qp to 37.4 GPa. Later work’” demonstrated that B;O could be synthesized at
ambient temperature under a preésure of 11.0 GPa, or at 6.0 GPa and 1000°C. In an extensive study of
8,0, produced by reaction hot-pressing B,0, and B at 1900-2000C, Petrak et 2l.2 assigned it 1o space
group R3m (formula B,,0;) and calculated a density of 2.602 gm/cm’. Later work? by the same group
revealec' B,O aggregate Knoop microhardness values similar to B,C and even higher. Petrak et al.? also

studied the phases present in hot-pressed specimens of B,0 over the compositional rane 5 < x < 8. In




all r;ms the dominant phase was rhomobohedral B¢O, with secondary B,0, for x=5 and B for x=7 and
8.

In a study by Badzian, carried out in Poland in cooperation with this laboratory, B-O specimens
very rich in B were made and noted as being very hard. |n 1987 Badzian et al.? reported diamond-like
hardness, as demonstrated by contact scrgtch and wear experiments. Chemical analysis of Badzian's

- specimen by SIMS and AES indicated an ongen level of 4-5%, suggesting a étoichiomeiry near B,,0.
Considering the favorable crystal chemical characteristics, and the promising structure and mechanical
property results from the foregoing studies, it is surprising that sc little is known about the phase
relations of B,O compounds in general. In particular, there has been no systematic effort to define and
characterize the phases present in the ambient to moderate P, T field over an extended ange of
composition X. For this reason, the present study was conducted to determine the nai: re of the B,O
phases that occur within the field defined by 0 to 1.5 GPa, 1200 to 1700“0. and % s x 5 24,
Experimental Procedure

The starting materials for all of the processed specimens consisted of amorphous boron powder
(CERAC, Inc.; 99.9+% purity; 0.3 um average particle size)’ and boric acid B,0, (CERAC, Inc.; 99.9+%
purity; 75um a‘)erage particle size). These components were mixed in the appropriate mass ratios in a
paint shaker with plastic spheres for two hours.

Three different prenaration methods were used:

(a) Sintering in argon atmosphere.- Sintering in an argon atmosphare was carried out in a

tubular furnace with a hot zone 25 cm long at 1700°C. Boron suboxide green compacts were placed at
the center of the hot zone of the furnace. The specimens Were exposed to flowing argon gas until the
sintering cycle was complete. The heating rate of the furnace was kept at 5°C/min until the required
sintering temparature (1500°*C or 1700°C) was reached,_ at which point the specimens were processed
for six hours and then cooled at a rate of 10°C/min to room temperature.

(b) Uniaxial hot pressing, Several samples were prepared by reaction hot pressing at 1700°C

and 0.020 GPa in a laboratory hot press (Advanced Vacuum Systems)™ using a graphite die with



gra;;hite rams. The hot pressing temperature was measured using an optical pyrometer. An
intermediate boron nitride layer was provided between the graphite rams and the sample. Pressqre was
applied to the graphite rams after the assembly reached 1000°C. Prior to starting the run a vacuum was
created in the system.

(c) High-pressure processing. An additional set of specimens was prepared by processing
sintered pellets of the desired B,O stoichiometry at high pressure and temperature in a piston-cylinder
apparatus.'® The mixed starting materials were initially compacted at 0.014 GPa in a cylindrical steel die )
at ambient temperature, yielding aggregate peliet specimens 12 mm in diameter and 6 mm high. This |
step was followed by sintering at a temperature of 1500 to 1700°C for several hours in a flowing Argon
atmosphere. The phases present in the pre-processed sintered pellets were identified by surface
scattered XRD data. |

The piston-cylinder apparatus and spacific high-pressure cell used in our experiments (with slight
modifications) was developed and described previously by Baker and Eggler."’ The cylindrical high-
pressure cells consisted of outer talc and pyrophyllite sleeves separated from the B,O pellet specimens
by an inner pyrex liner to inhibit reaction from fluids derived from dehydration at high temperature. A
Heating was achieved by a graphite furnace sleeve inserted directly inside the pyrex liner. The specimen
was isolated from the heater assembly by BN powder and crushable alumina spacer material. The
temperatura of the specimen was monitored by a Type S Pt-Pt,Rh,, thermocouple inserted through the
steel base-plate of the high-pressure cell into the alumina directly adjacent to the B,O pellet.

The processing procedure was developad in such a manner as to minimize fracture and
fragmentation in the final prepared specimen. Unfortunately, because of this constraint, a rapid quench
was not possible. The following method seemed to provide the most favorable specimens. (1) Pressure
and temperature were simultaneously increased linearly until the desired conditions were reached. This
st}ep was accomplished in about five minutes. (2) Pressure and temperature wera maintained at a
constant level for the period of time selected for the run (generally 30 to 120 minutes). (3) Finally,

pressure was dropped at a constant temperature until contact with the furnace was broken, whereupon
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both P and T were dropped simultaneously. This last step generally provided coherent specimens, but
at the possible expenss of retaining mefastabla high pressure phases.

After removal from the piston-cylinder apparatus and high-pressure cell, the_ processed
specimens consisted of irregular disks about 10 mm in diameter and 5 mm in thickness. They were
usually characterized by a thin greyish-black skin (possible BN contamination) and a mottled brown-red ‘
interior. Some minor (radial and tongitudinal) cracks were often present.

Analysis of the Pr imen Pr ts; Ph Presen ""-_\

The phases present in the processed si icimens were identified by surface scattered and |
powder XRD measurements. Diffraction angles and line intensities were compared to all boron
cornpounds in the compositional area listings in the ASTM files. The summary results for the
compositional range and pressure-temperature conditions chosen for processing are shown in Table 1.
As indicated in the table, only three phases were consistently recognized over the pressure (zero to 1.0
GPa), temperature (ambient to 1700°C), and ;ompositional (% < x < 24) range of our experiments:

(1) B0, (the hexagonal low pressure phase identical to the starting material); (2) B,O (as recognized
and defined by previous investigators® ®*); and (3) rhombohedral B. For the compositions % s x < 6,
8,0, and B4O are the dominant phases present, their relative proportions defined by the mixture
stoichiometry. Over the range 6 < x < 24, B,O and rhombohedral B are the prevailing materials, with the
latter dominating as x approaches higher values.\ These same relationships defined the ambient
pressure (1700°C) runs, as well as those carried out at 1.0 GPa (1350°C) and above.

Preliminary Property Measurements

As part of our standard processed specimen analysis procedure, bulk densi‘ty wAas measured by
the Archimedes method, as well as porosity. The densities were variable, but generally reflected the
nature of the mixture and extent of porosity. For example, in the case of the B,,0 specimens, p, varied
between 2.20 and 2.46 gm/cm’, but was usually close to the latter. This range is consistent with the

XRD resuilts, which indicate a mixture of B,O (p5=2.60 gm/cm’®) and rhombohedral B (pg=2.29

gm/cm?), plus some porosity. Specifically, for an ideal (zero porosity) mixture of B,0 and B of B,,0 : .




stoie;hiometry. p5=2.52 gm/cm?®. Porosities of one to four percent (typical of our specimens) would,
therefore, yield bulk densities in the range 2.42 to 2.50 gm/cm®. The presence of unreacted B,0, inthe
specimens also would tend to produce somewhat lower bulk density than expected.

Our original intent was to also describe the elastic and hardnsess properties of the processed
B,O specimens. Unfortunately, the inhomogeneous nature of our processed spec.:imens. and the
fraquent nccurrence of structure microcracks, preduded a definitive measurement of the elastic moduti
by the ultrasonic technique at our disposal. Moreover, the same specimen problems mada it diﬂiéult to
obtain systematic and consistent hardness values. Interest in the hardness of these materials was very
high dus to the observation by Badzian of scraiches in the {100] face of natura! diamond by a meited
specimen near the B,,0 composition. Attempts tof’fepeat the scratching experiments with our high-
pressure processed spaecimens gave inconsistent résults. Occasionally similar scratches seemed to be
present on the diamond face (Fig. 1). A second more consistsnt observation was that grinding the
surface (using diamond paste thinned with mineral joil) appeared to cause some sort of phase change or
nanoscale disintegration. Fragments of processed ;specimen méterial containing B,O (see Table )
invariably were observed to scratch Al,O, (easily), and SiC. These results were corroborated for one of
our B,,0 specimens sent to F. Corrigan at the Gen:eral Electric Company. Scratch and Knoop hardness
tests (1000 gm indenter load) indicated that the B,;O specimen exceeded both sapphire and silicon
carbide, but was not as hard as (and was scratchea by) BZN 8000 compact and DCBN. Tests in
comparison to boron carbide were inconclusive. This latter observation is consistent with the Knoop
microhardness results of Petrak et al.® for B;O and B,C, who reported values of 29.8+1.5 GPa and
29.6+1.3 GPa, respectively. In turn, this result supports our compositiona: analyses (Table 1), which
indicate that B;O is a major phase in the B,O specimens for which x > 5.

Additional specimens of B,,0 were provided to T.P. Weihs at the University of Oxford in order to
evaluate very localized hardness values using a nanoindenter apparatus. Their diffarential method, which
senses the depth of indentation as a function of the applied load, has been shown™ to yield the plastic

hardness and elastic modulus of volumes a few hundred nm in cross section. At the smallest scale,
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eve;\ inherent atomic lattice properties can be observed. Thirty-nine separate nanoindentation tests were
performed on the boron oxide specimen with m‘i’xed results. The initial nine tests were carried out with a
sharp indenter tip and yielded very high nanohardness values (in the range 70 to 146 GPa). However,
because the analysis of the technique is based on a flat punch contacting an elastic half-space, a
second set of tests (thirty) were conducted with an indenter tip slightly rounded‘by grinding. The results
for the biunted tip were over an order of magnitude less, with harcness values in the range 0.8 to 6.9
GPa. |

The reasons for the foregoing discrepancies and anomalous behavior in the hardness of B,,0
are not clear. The standard microhardness measurements indicate a value of about 30 GPa, which is
reasonably consistent with a primary compositional mixture of B;O and rhombohedral B, as defined by
the XRD results. However, there remains Some suggestion that the material is characterized by,
perhaps, very small scale features of extiremely high hardness. More deﬁnitivé experiments are
necessary to confirm and understand the nature of these observations.

Our foregoing restits are consistent with the hot-pressed (P=0.04 GPa; T=1900-2000°C)

specimens of Petrak et al.? over the limited compositional range 5 < x < 8. We have demonstrated that

the same phases persist out to % < x < 24, and up to 1.0 GPa in pressure. However, our pressure range

was insufficient to synthesize the high pressure phases induced in B,O, by Dachille and Roy® and B,0
by Hall and Compton* (graphite) and Endo et al.® (diamond-like), which appear to require levels in
excess of 2.2 GPa. Our observation that B;O appears to be stable at 1.0 GPa and 1350°C is consistent
with the ambient pressure results of Rizzov et al.® and the static compression data of Zubova and
Burdina.” The collective results suggest that the stability field of hexagonal B4O, relative to B,0, + B,

decreases in temperature as pressure increases.
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Table I. Phases Present in the Boron Suboxide Specimens Synthesized in the Pressure-Temperature
Runs

0 T R T S A R C
Bulk Nominal Mixture P = Ambient P=1.0 GPa
T=1700°C T=1350°C

.- _-.\-________ .- ..~ .

B,0, . B0, B,0,
B,0 B,0, + B,O B,0, + B0
B.O . B0, + B0 B,0, + BO
BsO B0 B0
B,O B,O + B B + B
B,O" BO +8B BO + B
B0 ‘ BO + B BO + B
B,.0 B + BO B + B,O

® Range: 10 < x s 20 (in increments of x=2).
®} Run also made at 1.5 GPa with same rasults.
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Figure 1.

AN
SEM of {100] face ot single-crystal diamond after contact abrasion with 8,.0 specimen
and etch treatment with hot nitric acid.




